The environmental effects of road salt have been studied in Finland mainly in order to monitor and reduce groundwater contamination. In urban areas the road salt used for road maintenance in winter ends up in the storm water drains and receiving water bodies. We report here on water samples taken in 1998-1999 from three urban streams with catchments varying in area 1.7 to 24.4 km 2 in different parts of the City of Helsinki.
Introduction
Salt, either sodium chloride or calcium chloride is used in many countries for roads maintenance in winter, and it is fairly efficient for this purpose and entails lower costs than any other available substance. Information on the detrimental effects of road salts on the environment has existed for many years (e.g. De Voorde et al., 1973; Jones and Jeffrey, 1992) , but it was only in 2001 that Canada became the first country in the world to include road salt on its list of harmful substances and take serious measures to reduce its use (Anon., 2002) . Correspondingly, the Finnish Ministry of the Environment noted in 2001 that salting of the roads is in contravention of the EU Framework Directive on Water and that it should be reduced in the main groundwater areas (Ministry of the Environment, 2001) . Most of the research carried out in Finland into the environmental effects of road salt has in fact been concerned with groundwater protection (Gustafsson and Oinonen, 1998; Nystén, 1998; Nystén and Gustafsson, 2000; Hellstén and Nystén, 2001) or damage to roadside vegetation (Hautala et al., 1991; Viskari and Kärenlampi, 1999) . Scarcely any work has been done on the transport of road salt into storm water sewers or urban streams and thereby into lakes and rivers.
Within Finland, the largest amounts of salt are used for de-icing roads in the south of the country and on the coasts, where the weather is most changeable in winter and the temperatures are closest to zero. The authorities in the capital, Helsinki, which is situated on the south coast, changed over to using a sodium chloride solution in the mid-1990s, as the amounts of salt applied are only about 20-30% of those needed when applied dry (Yli-Kuivila et al., 1993) , and have also used a calcium chloride solution to some extent. A further approach has been to add 1-2% salt to the sand spread on the roads. The quantities of salt used vary greatly from one winter to another (Helsinki City Council, 2003) , the average in Helsinki being some 5.5 tonnes per kilometre of road maintained (Figure 1) .
The purpose of the present research was to determine the extent to which salt used in winter road maintenance in Helsinki is transported into the streams flowing through the city, the maximum concentrations reached in these streams, the total annual transport of salt into the sea from this source and transport from the city streams into the sea during the winter and spring flood seasons, and to use this information to estimate the possible environmental effects of road salt on urban streams.
Area and methods
There are a total of 24 streams of various sizes running through the City of Helsinki (Ruth and Tikkanen, 2001) ; those known as Mätäjoki, Mellunkylänpuro and Tapaninkylänpuro, together with their catchment areas ( Figure 2 ), were selected for monitoring over the period 1.7.1998-31.12.1999 . All three streams flow through the city area, while part of the Mellunkylänpuro catchment lies within the neighbouring district of Vantaa and parts of The three streams monitored and their catchment areas that of Mätäjoki in both Espoo and Vantaa. The catchment areas represent typical suburban distributions of land use, predominantly with alternating areas of private houses and low density apartment blocks (Table 1) . Built-up land accounts for between 65% and 87% of the total land area in the catchments, which were selected to represent urban streams of different sizes (catchment areas 1.7, 9.9 and 24.4 km 2 ).
The main channels of all three streams flow through clay soils, the Tapaninkylänpuro catchment consisting entirely of this soil type, while Mellunkylänpuro has approximately 29% clay and 60% sand or till soils, and Mätäjoki 35% clay and 43% sand or till. Apart from a few very small individual basins, none of these catchments contains any lakes. The channel gradients are fairly small in the case of Mätäjoki and Tapaninkylänpuro, 1.9 m/km and 2.5 m/km, respectively (Ruth, 1998) , but the Mellunkylänpuro catchment has a more pronounced relief and the channel has a mean gradient of 5.6 m/km (Ketola, 1998) . Mätäjoki and Mellunkylänpuro flow into small bays of the Gulf of Finland and Tapaninkylänpuro into the River Vantaa, the largest river in the area, which in turn enters the Gulf of Finland.
120°Thomson V weirs were constructed on Mellunkylänpuro and Tapaninkylänpuro for discharge measurements, and water level recorders were also installed, while a discharge curve was obtained for Mätäjoki using a current velocity meter and depth data with a water level recorder. An Isco automatic 3230 flow meter was also available on Mellunkylänpuro. Samples of 300 ml each were taken every third hour with an Afora UFA300 sampler and combined on a weekly basis in a vessel kept in a refrigerator, while separate samples were taken by hand into a bottle regularly at the same time every Monday. Winter and spring flood samples were collected with the ISCO automatic sampler several times a day. All the samplers were located in heated boxes and were in operation throughout the year, the resulting samples being kept either in cold storage for analysis as soon as possible or in a freezer for later analysis. The meteorological data were obtained from the Helsinki-Kaisaniemi and Helsinki-Vantaa stations maintained by the Meteorological Institute. In addition to the above, a rainfall recorder was installed in each catchment and a Vaisala Milos 500 weather recording station in that of Mellunkylänpuro.
The combined samples and flood season samples were analysed at the Laboratory of Physical Geography, employing the following standards: suspended substances SFS-EN 872 (1996) and dissolved substances Madera (1982) ; total nitrogen combustion after Valderama (1981) and determination after Eaton et al. (1995) ; total phosphorus SFS-EN 1189 (1997); sodium, potassium, calcium and magnesium SFS-EN ISO 14911 (2000) ; chloride and sulphate SFS-EN ISO 10304-1 (1995); zinc ISO 11047 (1998) and copper SFS 5502 (1990) .
Results and discussion

Weather conditions
The weather in 1999 was somewhat warmer than usual (Table 2) , the mean temperature at the Helsinki-Vantaa observation station being 1.1°C above the long-term average (Finnish Meteorological Institute, 2000) , and the late autumn and early winter were wetter than Table 1 Land use in the catchment areas. MÄT = Mätäjoki, MEL = Mellunkylänpuro, TAP = Tapaninkylänpuro (Hämäläinen and Niiranen, 1993; Ketola, 1998; Ruth, 1998) usual, while rainfall in the summer was lower than normal. The overall result as far as the hydrology of the streams in the Helsinki area was concerned was nevertheless more or less representative of the average situation, precipitation over the whole year being almost exactly equal to the long-term mean. Weather conditions in May 1999 nevertheless deviated markedly from the normal, the mean temperature for that month being 1.7°C lower than the long-term average and precipitation no more than 23% of the average. The first snow in autumn 1998 had fallen in November, and the snow cover had melted completely on occasions during December and January, while this had been followed by a continuous cold spell from mid-January to the beginning of March during which a substantial snow cover had formed. This began to melt from the middle of March onwards. The mild early winter meant that more salt had to be used on the roads than in a normal winter.
Sodium chloride concentrations in the stream water
A large proportion of the natural sodium chloride loading of stream water in Finland is derived from marine salts present as relicts in clay and silt deposits, in addition to which aeolian transport of sodium and chloride ions from the sea on the land is clearly observable in coastal areas. Thus sodium concentrations in stream water tend to be higher close to the sea and to diminish inland (Lahermo et al., 1996) . The amounts of salt entering catchments through precipitation are fairly small, however, the figure recorded in 1998 for a measurement site in the urban area of Espoo, bordering onto Helsinki, was 1.9 mg NaCl per l (Vuorenmaa et al., 2001) . The proportion of atmospheric chloride load in Helsinki storm sewer runoff is 3-8% (Melanen, 1981) . Since all the urban streams monitored here are located in clay areas on the coastal plain, the natural sodium chloride content of their water can be expected to be high. Sodium chloride concentrations in the weekly composite samples from the three streams varied in the range 44.9-568.8 mg/l, the median values for the whole year being 86.1 mg/l, 94.1 mg/l and 108.0 mg/l in order of size from the smallest catchment to the largest. By comparison, a series of 1,162 samples collected by the Geological Survey of Finland from streams in the headwaters of river systems throughout the country in the 1990s gave median values of 2.1 mg/l for sodium and 1.4 mg/l for chloride, with the highest NaCl concentrations, 60-75 mg/l, being recorded in streams located close to the coast (Lahermo et al., 1996) . Thus NaCl concentrations in the water of the three streams in Helsinki were on average 1.5 times greater than in the surrounding areas.
O. Ruth 36 Table 2 Temperature and precipitation in Helsinki in 1999 and averages for 1961 -1990 (Finnish Meteorological Institute, 1991 Finnish Meteorological Institute, 2000) The maximum NaCl concentrations in all three catchments were recorded at the same time, in the second half of March, when the spring flood season was just beginning, while the lowest concentrations occurred in early autumn, at the end of September and beginning of October (Figure 3 ). The highest concentrations of all in the individual samples collected directly from the streams were observed in connection with winter flooding and the early stages of the spring flood season, and the lowest at times of heavy thundery storms in summer, the readings varying from 1,288 mg/l to 9.0 mg/l. Thus the highest concentrations recorded in these streams in Helsinki were about 30 times greater than the natural background levels. Concentrations began to increase in October 1998 and remained high throughout the winter, until April 1999, when the rising spring flood waters began to impose a diluting effect. The concentrations then remained fairly low throughout the summer of 1999, but began to rise again in September, when night frosts created a need for salting the roads.
Transport of sodium chloride into the sea
It was calculated that a total of 27.8 tonnes of NaCl/km 2 was transported to the sea from the Mellunkylänpuro catchment in the course of 1999, 40.2 tonnes/km 2 from that of Mätäjoki and 49.5 tonnes/km 2 from that of Tapaninkylänpuro, transport being most pronounced at the times of the highest flood peaks in autumn, winter and especially spring. Although concentrations of road salt in the water of the streams were high at the early stage of the spring flood season, the amounts transported were still fairly low, but as flood levels rose the amounts transported reached their peak even though concentrations began to decrease (Figure 4) . NaCl transport in all the streams was low during the summer.
Winter floods
Air temperatures in the Helsinki area rose above zero on a number of occasions during winter 1998-1999, causing all or nearly all of the snow on the ground to melt. One such mild spell occurred on 15.12.-17.12.1998 ( Figure 5 ). There had been 14 cm of snow on the ground from the previous day, but on Dec. 15. the temperature rose to +3°C and rain and sleet fell, representing a precipitation of 3.8 mm during the day. This together with the melting of snow caused the discharge in Mellunkylänpuro to rise from 35 litres per second to over 100 litres per second in two hours. Total phosphorus and sodium chloride concentrations also rose sharply, approximately six-fold relative to the preceding levels, and total O. Ruth Figure 3 NaCl concentrations in weekly composite samples from the urban streams, 1998-1999 nitrogen increased slightly, but many of the element concentrations regularly determined in water samples, such as calcium, potassium, magnesium and sulphate, decreased in response to the heightened discharge. This serves as a good indication that sodium and chloride measured in the stream water originate from sources different from those supplying other principal cations and anions. The data on the transport of suspended and dissolved substances, nitrogen, phosphorus and the principal elements during the winter flood season in 1999, as shown in Table 3 , point to marked increases in all the elements as a consequence of the flooding, and corresponding 3.4-6.5-fold increases in the amounts of road salt transported relative to the means for 1999. Thus some 15,500 kg of NaCl was transported into the sea in the waters of Mätäjoki during that winter flood season. It is also clear that the increase in the amounts transported varied according to the size of the catchment, being greatest in the smallest catchment, that of Tapaninkylänpuro, where 641.6 kg NaCl/km 2 /d was carried to the sea during the same period.
Spring floods
The snow began to melt in the Helsinki area at the beginning of March in 1999, with solar melting of a certain amount of snow each day. Small quantities of meltwater containing high concentrations of NaCl flew from the roadsides into the city's storm water drains and thereby into various natural streams. This melting effect was slowed down by the frosts occurring at night, however, extremely pronounced variations in water quality took place during the days. NaCl readings in Mellunkylänpuro, for instance, varied almost 10-fold within 24 hours on March 11-12, 1999, ranging from 132 to 1,181 mg/l ( Figure 6 ). The highest concentrations were usually recorded around midnight and in the early hours of the morning, while the lowest ones occurred in the afternoon and early evening. By the beginning of April discharge in the streams had increased markedly and NaCl concentrations had correspondingly fallen on account of the dilution effect. Thus when the flood reached its peak on Apr. 17, 1999, the NaCl concentration in Mellunkylänpuro was not more than 40.2 mg/l. At one point in summer 1999 when the discharge in this same stream following a thunderstorm was as high as it had been during the spring floods, the NaCl concentration was only 15 mg/l.
The greatest quantities of NaCl were transported to the sea during the middle stage of the spring flood, when snow was beginning to melt rapidly (Table 4) , the highest figure relative to the area of the catchment being recorded in Tapaninkylänpuro, from which 572 kg NaCl/km 2 /d passed into the River Vantaa at this stage. It was also noticeable that the transport of sodium and chloride was pronounced early in the flood season, whereas many other elements, suspended and dissolved substances and nutrients, reached their maximum only at the later stage. Particularly sharp increases in suspended and dissolved substances and in total phosphorus were observed with rising discharge rates. 
Correlations between water quality variables
When the results for the weekly composite water samples from Mellunkylänpuro were grouped by the season of the year for the purpose of correlation analysis, a weak positive correlation was observed between the maximum discharge and NaCl concentration in winter samples, evidently as a consequence of the winter floods, which will have increased both discharge and NaCl concentrations. All the other anions and cations measured in the stream water samples showed highly significant negative correlations with both total weekly discharge and maximum and minimum discharge rates (α = 0.01). In spring the magnesium and calcium concentrations showed highly significant negative correlations with weekly discharge sums, while the other cations and anions had weak negative correlations with discharge, and by summer there were no significant correlations to be found between anions or cations and discharge in the Mellunkylänpuro data. In autumn, however, all the principal elements except for potassium and sulphate showed significant negative correlations with discharge. Such correlations are indeed to be expected, as anion and cation concentrations are normally reduced by the dilution effect as discharge rates increase. Dissolved heavy metal concentrations were also determined in the water of the streams studied here, whereupon clear correlations emerged between NaCl and zinc concentrations in Mätäjoki and Mellunkylänpuro (α = 0.01) and a weak positive correlation in Tapaninkylänpuro. The use of salt on roads has been observed previously to increase zinc concentrations in the water of streams, e.g. in Southern Sweden (Lofgren, 2001) , but it is unclear in the case of this Helsinki material whether the zinc is derived from traffic loading in the roadside areas or chemical reactions brought about by the road salt itself. No significant correlation between NaCl and copper was found in any of the streams monitored here.
Urban excess
The influence of the urban environment on the quantities of cations and anions carried in the water of the streams was assessed by deducting from the concentrations measured in the present urban streams the mean corresponding concentrations reported for the surrounding area outside the metropolitan district of Helsinki, i.e. those obtained in small streams in the headwaters of coastal rivers in Uusimaa region (Lahermo et al., 1996) . When the resulting "urban excess" sodium chloride concentrations were multiplied by the discharge and converted to tonnes per square kilometre per year, loadings of 17.8-35.2 tonnes/km 2 /y were obtained for the three streams (Table 5) , whereas the transport of magnesium, potassium, calcium and sulphate in these streams differed only slightly from that in streams lying outside the urban area. It is reported that an average of 60.4 tonnes NaCl/km 2 were spread on the roads of Helsinki in winter 1998-99 to reduce slipperiness (Helsinki City Council, 2003) , some 35-50% of which is transported into the sea by the city's streams. In the USA this percentage has been found to be 23-81% (Paine, 1979) . Taking the combined area of the catchments of all 24 streams in Helsinki to be approximately 112 km 2 , we can calculate that the quantity of road salt entering the sea in this way in 1999 must have been some 3,000 tonnes. In addition, it has been estimated that about 1,500 tonnes of salt was washed into the storm water drains in the city centre. Bearing in mind that an abnormally large amount of salt was used on the roads of Helsinki in winter 1998-99, the present results suggest that the mean transport of salt into the sea from this source must be of the order of 4,000 tonnes.
Conclusions
Helsinki is situated on the coast and its streams flow mainly through areas with clay soils, so that their water naturally has a high salt content. This is nevertheless increased by a factor of 1.5 on average and a factor of 30 at its maximum as a consequence of the salting of roads. The highest NaCl concentrations observed here were of the order of 1.3 g/l, but much higher levels must be reached momentarily in the road ditches. In order to obtain reliable data on such concentrations in urban streams, or on the amounts of NaCl transported in them, it is necessary to collect water samples several times a day during the early stages of the spring flood season, or else to collect composite samples by means of an automatic sampling device. The largest proportion of the salt used on the roads is transported to the sea at the time when the spring floods are at their highest, although the amounts transported in one day can be equally high or higher at times of winter floods. The highest transport load recorded in this work, 641.6 kg/km 2 /d, was reached in Tapaninkylänpuro, which has the smallest Table 5 The "urban excess" of sodium, chloride and other major cations and anions (tonnes/km 2 /y) in the three streams (MÄT = Mätäjoki, MEL = Mellunkylänpuro, TAP = Tapaninkylänpuro) catchment of the three streams monitored. Some 35-50% of the salt used on the roads in Helsinki passes into natural streams and from there into the sea, while the remainder is absorbed into the soil beside the roads or is carried away with the surplus snow or the sand that is spread on the roads and pavements. A total of some 4,000 tonnes of road salt can be assumed to pass into the sea from the area of the City of Helsinki in an average winter. The environmental effects of road salt on the natural streams in the City of Helsinki are relatively minor by comparison with those of other forms of human activity, nor is the salt a problem as far as the receiving sea areas are concerned, as concentrations in the stream water only occasionally reached the levels to be found in the brackish-water bays into which they flow. The sharp fluctuations in NaCl concentration in the streams, sometimes as much as nine-fold in the course of one day, could have severe ecological consequences, however, and the significant positive correlation between NaCl and dissolved zinc observed here reminds us of the threat posed by high heavy metal concentrations to urban streams and associated water bodies.
